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Abstract 
Complementary freeze-fracture replicas have 
been prepared of ultra-rapidly cooled specimens 
in the absence of chemical pretreatments. The 
grid-sized replicas were stabilized by open mesh 
gold grids during the cleaning process and, after 
cleaning, were supported on thin Formvar films. 
The complementary replicas were valuable for 
describing artifacts, for interpreting the nature 
of fracture planes and for evaluating the resolu-
tion of replicas. Complementary images 
demonstrated that heat emitted from resistance 
electrodes or electron guns during evaporation 
can seriously distort fracture surfaces even for 
samples held at -150°C. Complementary images of 
crystalline membranous cytochrome c oxidase 
helped establish that fracturing reveals 
hydrophilic surfaces. Complementary images of 
proteoliposomes showed that intramembrane par-
ticles produced by an integral 140kdal protein 
generated complementary pits whereas intra-
membrane particles produced by a smaller integral 
46.5kdal protein did not. The inability to 
observe the small pits is in part a limitation of 
the resolution of conventionally prepared 
platinum/carbon replicas. 
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Introduction 
Complementary images of freeze-cleaved and 
replicated biological specimens provide unique 
opportunities to evaluate the quality of the 
replicas. Complementary replicas are valuable 
for determining (a) the effect of surface heating 
during metal evaporation, (b) the extent of 
plastic deformation, (c) the amount of 
contamination, (d) the resolution limit of the 
metal coating, and (e) the location and nature of 
membrane fracture faces. 
Complementary replicas first presented by 
Steere and Moseley (1969) and subsequently by 
several laboratories in the 1970s (see literature 
summary in Fetter and Costello, 1986) were 
obtained most commonly by using either a plastic 
film to stabilize the replicas (Steere, 1973) or 
a pair of gold grids sandwiched with the samples 
which when split apart would support the 
complementary replicas (Muehlethaler et al., 
1970). Nearly all of the early preparations 
employed relatively large cryoprotected specimens 
frozen conventionally in liquid coolants. We 
have developed procedures which employ a gold 
grid to stabilize the replicas and permit the 
recovery of intact grid-sized replicas from 
ultra-rapidly cooled thin specimens sandwiched 
between copper sheets (Costello, 1980; Costello 
et al., 1984a; Fetter and Costello, 1986). 
Examples of complementary replicas presented here 
illustrate some of the factors which limit the 
resolution and image quality of conventional 
platinum/carbon replicas. 
Materials and Methods 
Specimens were sandwiched between copper 
strips and ultra-rapidly cooled in liquid propane 
as described previously (Costello,1980; Costello 
et al., 1984a). Sandwiches were fractured in 
double replica devices (Costello et al., 1984a; 
Gross et al.,1984). Fractured surfaces were 
shadowed using either resistance electrodes in a 
Balzers BA360 or electron guns in a Balzers 
BA400. The evaporation settings used were those 
suggested by the manufacturer with one exception. 
The power supply of the Balzers BA360 was 
converted to direct current based on the findings 
of Watt (1974) that direct current reduced the 
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heat output of the source. Samples were 
equilibrated from -150°C to -180°C. Immediately 
after fracturing, l-2nm platinum/carbon was depo-
sited at an inclination of 45°. Samples were 
backed with carbon from 90°. 
Replicas were recovered as described in 
detail in Fetter and Costello (1986) and Costello 
and Fetter (1986). In brief summary, copper 
strips which contain the replicated samples on 
the (2.5mm)2 plateaus are transferred from the 
freeze-fracture device to wells in a porcelain 
depression plate. A drop of chromic acid is 
spread over the wings of the copper strip 
(Fig. lA) and then the level of acid is raised to 
float the strip so that the wings are submerged 
and the plateau remains dry and above the surface 
(Fig. 18). A 50-mesh gold grid (PELCO, cat. no. 
1GG50) is placed on top of the replica just 
after the copper wings fall off; the grid pro-
tects the replica during the cleaning process. 
The grid has a marker which is aligned along the 
long axis of the copper strip and facilitates the 
later matching of complememtary regions. 
Immediately after the copper of the plateau 
dissolves, the acid is changed by lowering the 
level of liquid in the well with a micropipette 
connected to a weak vacuum line (Fig. lC). The 
chromic acid is removed with several water 
washes. To digest the sample, bleach is intro-
duced in gradually increasing concentration to a 
maximum of 70%. After the sample is digested 
(usually within 2h), the replica/grid units are 
washed several times with distilled water. The 
distilled water is conveniently introduced 
through a fine micropipette. Each well is 
drained or filled within 10-20sec without agita-
tion of the replica. Cleaned replica/grid units 
are picked up from below with thin Formvar films 
suspended in platinum wire loops (Fig. 10). 
After about an hour, the films are sufficiently 
dry to remove the gold grid by breaking away the 
excess Formvar film from around the grid with a 
sharp object. Low magnification montages are 
made (Fetter and Costello, 1986) and complemen-
tary regions located; the central markers on the 
gold grids are used as guides. 
Complementary images were obtained on Philips 
301 or 420 microscopes and are mounted in 
positive contrast with the dividing line either 
horizontal or vertical. The shadow direction is 
perpendicular to the dividing line for the 
Balzers BA360 (Figs. 2-4) and is parallel to the 
dividing line for the Balzers BA400 (Fig. 5). 
Results 
The influence of surface heating during metal 
evaporation. 
Heat deposited during metal replication comes 
from three sources (a) the kinetic energy of the 
metal atoms and clusters, (b) electrons and ions 
and (c) radiant (photon) energy. For resistance 
or electron gun evaporators the greatest source 
of heating is probably the radiant energy 
(Abermann et al., 1970). 
The heat reaching the sample surfaces during 
metal evaporation affects the appearance of 
fracture faces in several ways. Before a layer 
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of metal sufficiently thick to stabilize the 
frozen surface is deposited, the heat from the 
source can raise the surface temperature enough 
to cause sublimation of ice (etching). The 
amount of sublimation depends on a number of 
factors which include the local vacuum and the 
distance of the exposed surface from the highly 
conductive copper support. When exposed surfaces 
are not affected uniformly, the heating can be 
detected in complementary images, as for a 
suspension of membranes from the mammalian lens 
(Zampighi et al., 1982) in Fig. 2. In Fig. 2A 
the circular profile of one membrane vesicle 
(arrow) is barely visible whereas in Fig. 28 
etching reveals the profile clearly (arrow). 
Etching has also accentuated the ice crystals in 
the background which appear as undulations in 
Fig. 28, indicating that this region of the 
specimen was not frozen very rapidly. 
An additional effect of surface heating is 
the deformation of structures which extend above 
fracture planes. The complementary images in 
Fig. 3 of a vesicle crystal of mitochondrial 
membranous cytochrome c oxidase (Frey et al., 
1982) demonstrate that-surface heating can 
deform and flatten protruding structures. In 
Fig. 38 the crystalline lattice is disrupted 
(large arrow) by the formation of jagged troughs 
during fracturing. The complementary image 
should contain complementary ridges, but Fig. 3A 
shows instead a relatively smooth plateau in 
which the lattice rows are faintly visible (large 
arrow). Other structures which extend above the 
crystalline fracture plane appear to have rounded 
and smooth surfaces, such as the mound in Fig. 38 
(small arrow), a form of contamination which is 
probably a fragment released at time of fracture 






Figure 1. Replica recovery. (A) A drop of 
chromic acid is spread over the wings of a copper 
strip. (B) A copper strip floating on chromic 
acid. A gold grid is placed on the plateau just 
after the wings fall off. (C) A micropipette tip 
is held against the side of a well to withdraw 
fluid with minimum turbulence. A similar 
procedure is used to introduce fluids. (D) A 
sharp object is used to nudge the cleaned 
replica/grid unit up to a thin Formvar film 
supported in a wire loop which is used to pick up 
the replica/grid unit. [Reprinted with 
permission from M.J. Costello and R.D. Fetter, 
Methods Enzymol . .!_Q, 704-718 (1986).J 
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Figure 2. Complementary images 
of a suspension of membranes 
from the mammalian lens. The 
heat deposited during evapora-
tion has caused etching of B 
which reveals a circular mem-
brane profile that is only 
faintly visible in A. 
[Reprinted with permission from 
M.J. Costello and R.D. Fetter, 
Methods Enzymol. 127, 704-718 
(1986).J -
Figure 3. Complementary images of a vesicle crystal of mitochondrial membranous cytochrome c oxidase. 
The crystalline areas show almost perfect complementarity. Evidence for surface heating durTng evapora-
tion is seen in the plateau in A (large arrow) because this region should display jagged ridges which 
match the jagged troughs in the complementary region in B (large arrow). The material pulled from B 
during fracturing appears to have been melted during metal deposition. The large mound in B (small 
arrow) is probably contamination. 
Fracture plane location in complementary 
replicas.-- -
Although complementary images cannot by 
themselves provide a unique determination of the 
location of fracture planes, they can be used to 
test the self-consistency of a model for a 
fracture pattern. As an example, another region 
of the same vesicle crystal in Fig. 3 is shown in 
Fig. 4 to illustrate the relationship of the 
fracture planes to the surrounding ice (i). The 
large crystalline surfaces (C) in Fig. 4A and B 
are separated from ice by steps (large arrows) 
which are approximately the same height as the 
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steps (small arrows) to the small crystalline 
surface (M). This pattern is consistent with the 
model shown in Fig. 4C in which hydrophilic 
surfaces are exposed as proposed previous~y 
(Costello and Frey, 1982). Such an unusual 
fracture pattern appears to occur only in regions 
which contain the highly crystalline array of 
proteins. In regions of membrane where there is 
no crystalline array, the classic bilayer 
fracture proposed by Branton (1966) is observed 
(Costello and Frey, 1982). 
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Resolution limit of metal replicas. 
One measure of the resolution of a metal 
replica is the visibility of small structures of 
98 
approximately known dimensions. As the quality 
of a replica improves, smaller structures will 
become visible. This principle is illustrated in 
Complementary Freeze-Fracture Replicas 
Figure 4. Complementary images (A and B) and 
fracture model (C) of the same cytochrome c 
oxidase crystalline membranes displayed in-Fig. 
3. Fracture steps (large arrows) from ice (i) to 
large surface "C" are approximately the same 
height as those from surfaces "C" to "M" (small 
arrows). The schematic diagram explains the 
observed fracture pattern in terms of hydrophilic 
fracture faces (see Costello and Frey, 1982). 
Figure 5. Complementary images of reconstituted 
proteoliposomes of lac permease and cytochrome o 
oxidase in approximately 1:1 molar ratio. The -
large 9nm diam. intramembrane particles, produced 
by the 140kdal cytochrome o oxidase, have 
complementary pits (circles and rectangle). The 
small 7nm diam. intramembrane particles 
(arrowhead), produced by the 46.5kdal lac 
permease, do not have matching pits. 
Fig. 5 for the mixed reconstituted 
proteoliposomes containing two distinct integral 
membrane transport proteins, lac permease and 
cytochrome o oxidase, isolatedfrom E. coli and 
reconstituted into E. coli phospholipids--
(Matsushita et al.,-1983). Functional and 
biochemical assays have established that both 
proteins are transmembrane and both generate 
intramembrane particles in fracture planes (cf. 
review Kaback, 1985). The larger protein, 
cytochrome o oxidase, 140kdal, produces particles 
about 9.0nm-diam. (Matsushita et al., 1984) and 
complementary pits (Fig. 5 circles and 
rectangle). The smaller lac permease, 46.5kdal, 
produces 7.0nm dia. particles (arrowhead; 
Costello et al., 1984b) but no corresponding pits 
can be detected. Because lac permease pits 
should be present, it is proposed that the large 
grain size of the platinum/carbon replicas 
(approx. 2.5-3.0nm) does not permit the 
visualization of the small pits. 
Discussion 
Procedures have been developed for the 
routine recovery of complementary replicas of 
ultra-rapidly cooled specimens sandwiched between 
thin copper sheets (Fetter and Costello, 1986). 
The high yield of intact replicas (approx. 80% in 
our laboratory) and the ease of locating comple-
mentary regions within the replicas has made 
possible the examination of some of the factors 
which affect replica quality. 
The quality of platinum/carbon replicas of 
freeze-cleaved specimens is influenced by the 
heat deposited from the evaporation source. 
Although the bulk of a sample may remain at low 
temperature during the replication step, the 
temperature of the superficial layer may rise 
sufficiently to promote the sublimation of ice 
(Fig. 2). A rough estimation of the in'crease in 
surface temperature can be made from the 
relationship of sublimation rate to surface 
temperature at a given vacuum (Davy and Branton, 
1970). At a vacuum of 10-6 torr, an initial 
temperature of -150°C and about 2 sec of exposure 
to the evaporation source before a protective 
metal layer is formed (the conditions applicable 
to the images in Fig. 2), a surface temperature 
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of about -90°C could account for the etching of 
about 30 nm of water. It should be emphasized 
that the estimated 60°C rise in surface 
temperature is a very rough approximation but is 
consistent with the thermocouple measurements of 
Belous and Wayman (1967) who observed temperature 
increases of 100-500°C under somewhat different 
shadowing conditions. It is likely that the 
amount of surface heating is highly variable and 
depends on the composition of the sample, the 
local shadow inclination angle of the surfaces to 
the source, the proximity of the surface to a 
heat sink (copper support) and the properties of 
the evaporation source. A low initial 
temperature of the sample should reduce the 
effects of surface heating. Gross et al. (1985) 
found that sample temperatures near -260°C, as 
well as vacuums in the 10-9 torr range, were 
instrumental in producing fine grain, high 
quality platinum/carbon and tantalum/tungsten 
replicas. The heat from the source can be 
reduced with shuttering; for example, Ellisman 
and Staehelin (1979) used a shutter to protect 
the samples from the warm-up period of the source 
and Gulik et al. (1982) exposed samples 
intermittently to a tantalum/tungsten source to 
reduce heat damage. Ultimately, all forms of 
extraneous energy from the source can be 
eliminated with a velocity selector (Aldrian and 
Horn, 1974); however, such a device has not yet 
been successfully applied to freeze-fracture 
experiments. 
The heat-induced deformation of the fractured 
surface in Fig. 3 is obvious because of the un-
usual fracture pattern (Fig. 4) and because of 
the proximity of the crystalline lattice which is 
relatively unaffected by the deposited heat. The 
heat-induced deformation of integral proteins 
which form intramembrane particles may be more 
subtle (Fig. 5). It is proposed that exposed 
peptides would have limited pathways for removal 
of heat and may become flattened and broadened. 
Such a hypothesis may account for the similarity 
of intramembrane particles from a variety of 
sources. For example, both enzymes reconstituted 
into the proteoliposomes in Fig. 5 appear 
globular, although independent studies show that 
the peptides incorporate as monomers (Costello 
et al., 1986) and that the enzymes differ 
significantly in molecular weight and peptide 
composition (cf. review by Kaback, 1985). For 
the preparation in Fig. 5 some effort was made to 
reduce heat input by shielding the surfaces from 
the warm-up of the electron gun and by depositing 
about 1.0 to 1.5 nm of metal in about 3 sec with 
a sample temperature of about -180°C. It is 
noteworthy that the two enzymes can be 
distinguished based on their diameters and on the 
fact that only the larger oxidase consistently 
produces complementary pits. We predict that 
pits corresponding to the smaller lac permease 
will become visible as the resolution and replica 
quality improves. 
In addition to the heat deposited from the 
evaporation source, heat can be generated during 
the fracture and must be dissipated in the 
fracture surfaces. Recently, Gruijters and 
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Bullivant (1986) pointed out that heat released 
during fracture may be very high, resulting in a 
rise of surface temperature as much as 80°C. 
Heat from the fracture and evaporation steps are 
present in general and may be difficult to 
distinguish. However, the complementary replicas 
in Fig. 2 clearly demonstrate that heat can be 
deposited from the evaporation source because the 
surfaces, after fracturing is complete, are 
influenced differently. 
Contamination from the vacuum chamber or from 
the evaporation source (Gross et al., 1978b) is 
an ever-present problem. The use of cryopumping 
in the vicinity of the sample (Steere, 1968; 
Bullivant and Ames, 1966) and ultra-high, oil-
free vacuums (Gross et al., 1984; Escaig, 1984) 
and out-gassed guns (Gross et al., 1978a; Ruben, 
1981) can greatly reduce the common sources of 
contamination. Material released during the 
fracture process and redeposited on the fracture 
faces cannot be controlled so easily. Such con-
tamination can come from the ice or from trapped 
coolant which ideally should be pumped off above 
its melting point before the samples are frac-
tured. Complementary replicas can help evaluate 
the extent of fracture contamination (see 
Fig. 3). 
Complementary replicas have been invaluable 
in locating the plane of fracture through 
membranes. For example, the controversy over 
the location of the fracture plane through gap 
junctions was resolved· with complementary 
replicas (Chalcroft and Bullivant, 1974). 
Likewise, replicas of Yamamoto et al. (1974) were 
very useful in confirming the earlier prediction 
by Clark and Branton (1968) that retinal rod 
outer segment disk membranes fracture within the 
hydrophobic bilayer cores. Simple lipid vesicles 
and proteoliposomes clearly demonstrate the 
bilayer fracture pattern of Branton (1966) by 
revealing the well-defined step from ice to the 
hydrophobic surface; complementary replicas 
provide additional support that the step is 
across the monolayer of lipid (see Fig. 6 in 
Fetter and Costello, 1986). Complementary 
replicas in Fig. 4 support the fracture model of 
the unusual fracture patterns seen in membranous 
cytochrome c oxidase vesicle crystals (Costello 
and Frey, 1982) in which hydrophilic surfaces of 
the 2-D crystalline arrays are exposed. 
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